



















A n introduction to C osm ic R ays and G am m a-R ay B ursts,
and to their sim ple understanding
Alvaro De Rujula
CERN & Boston University
Abstract
Ireview thesubjectsofnon-solarcosm icrays(CRs)and long-duration gam m a-
ray bursts(G RBs).O fthevariousinterpretationsofthesephenom ena,theone
bestsupported by thedataisthefollowing.Accretingcom pactobjects,such as
black holes,are seen to em itrelativistic pusofplasm a:‘cannonballs’(CBs).
Theinnerdom ain ofarotatingstarwhosecorehascollapsed resem blessuch an
accretingsystem .Thissuggeststhatcore-collapsesupernovae(SNe)em itCBs,
asSN1987A did.Thefateofa CB asitexitsa SN and travelsin spacecan be
studied asa function oftheCB’sm assand energy,and of‘am bient’properties:
theencountered m atter-and light-distributions,thecom position oftheform er,
and the location ofintelligent observers. The latter m ay conclude that the
interactionsofCBswith am bientm atterand lightgenerateCRsand G RBs,all
ofwhose propertiescan be described by this‘CB m odel’with few param eters
and sim ple physics. G RB data are stillbeing taken in unscrutinized dom ains
ofenergy and tim ing.They agreeaccurately with them odel’spredictions.CR
data arecentenary.Theirprecision willim prove,butnew striking predictions
are unlikely. Yet,a one-free-param eterdescription ofallCR data worksvery
well.Thisisa bitasifonediscovered Q ED today and only needed to t.
1 Introduction
This is a version ofan introductory talk to high-energy physicists. Cosm ic
rays(CRs)weretherstitem in theireld,and willrem ain theenergy record-
breakers for the foreseeable future. I shallargue that nothing ‘besides the
standard m odel’isrequired to understand CRsofany energy,subtracting from
their interest. ‘Long’gam m a-ray bursts (G RBs) are ashes ofm ainly sub-
M eV photons,originating in supernova (SN)explosions.The-raysarehighly
collim ated.Hence,G RBsarenotthepublicized ‘highest-energyexplosionsafter
the big bang’,butm ore m odesttorchesoccasionally pointing to the observer.
G RBsareofinterestbecausetheirunderstanding isintim ately related to that
ofCRs. Itm ighthave been m ore precise to say ‘m y understanding’ofG RBs
and CRs,forthe work ofm y coauthorsand Iisviewed asunorthodox.
W hata start!Ihavealready adm itted thatourstanceisnottrendy and


















































Figure1:Left (a)Theweighed all-particleCR spectrum E 3 dF=dE .Som eof
thehigh-energy data disagreewith others.R ight(b)Thelow-energy H an He
ux versusthe kinetic energy pernucleon,m ultiplied by E 2:5
kin
.In (a)the lines
aretwo extrem eCB-m odelpredictions.In (b)both linesarepredictions.The
data coincidebestwith the prediction atsolarm inim um .Thenorm alizations,
shown here to coincidewith the data,arepredicted to within a factorof 3.
clearhypothesis,which m ay beproven wrong,and very basicphysics,which is
preciseenough,very pretty,understandableto undergraduates,and successful.
Theinform ation aboutG RBsand CRsisoverwhelm ing.G RBsareknown
since the late 60’s and CRs since 1912. Surprisingly,no theories have arisen
that are both accepted (‘standard’) and acceptable (transparent,predictive
and successful).Icannotreferto a representativesubsetofthe  70+ 70 kilo-
papers on CRs and G RBs. For reviews ofthe standard views on CRs,see
e.g.Hillas1) orHoerandel2). Forthe accepted ‘reball’m odelofG RBs see
e.g.M eszaros3) orPiran 4). Fewer self-citationsand m any m ore references,
particularly to data,appearin DDD02 5),DDD03 6),DD04 7)and DD06 8).
2 M ost ofw hat you m ay w ant to recallabout C osm ic R ays
In CR physics ‘all-particle’refers to nuclei: allcharged CRs but electrons.
The CR spectra being fairly featureless,it is custom ary to weigh them with
powersofenergy,to over-em phasizetheirfeatures.The E 3 dF=dE all-particle
spectrum is shown in g.1a,not updated for recentdata atthe high-energy
tail.Atlessthan TeV energiestheCR ux islargerthan 1m   2 s  1 sr  1 and it
ispossibleto m easurethechargeZ and m assnum berA ofindividualparticles
with,e.g.,a m agneticspectrom eterin a balloon,orin orbit.Som e low-energy
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Figure 2: The CR uxes at 1 TeV and the relative abundances in the ISM .
Left (a) Fluxesofelem entsup to Z and abundancesin the solarISM .R ight
(b) Solar ISM abundances (stars),CR uxes (squares) ofthe prim ary CRs,
and the corresponding CB-m odelpredictions(circles),allnorm alized to H.
TheCR uxesofthelightest30 elem entsatE = 1 TeV (ofa nucleus,not
per-nucleon)are shown in g.2a,and com pared with the relativeabundances
in the interstellar m edium (ISM ) ofthe solarneighbourhood. Elem ents such
as Li,Be and B are relatively enhanced in the CRs,they result from colli-
sionalfragm entation ofheavierand abundant‘prim aries’such asC,N and O .
O therwise,the solar-ISM and CR Z-distributionsare akin,butforH and He.
In g.2b the abundancesrelative to H ofthe CR prim ary elem entsup to Ni
(Z = 28)areplotted asbluesquares.ThestarsaresolarISM abundances.CR
positronsand antiprotonsattractattention asputative dark m atterproducts,
butitisnearly im possibleto provethattheiruxesarenotentirely secondary.
The G alaxy has a com plex m agnetic-eld structure with B
G
= O (1G )
and coherentdom ainsranging in size up to  1 kpc, 1=8 ofourdistance to
theG alacticcenter.In such a eld,a nucleusofE ’ p> Z (3 109)G eV would
hardly be deected. ForZ = 1,this energy happens to be the ‘ankle’energy,
atwhich the ux ofg.1 bends up. CRs originating within the G alaxy and
having E > E ankle would escapepractically unhindered.The CR ux doesnot
bend down atthatenergy,thusthegenerally agreed conclusion thatCRsabove
the ankle are m ainly extragalactic.CRsofG alactic origin and E < E ankle are
‘conned’,im plying thattheirobserved and sourceuxesobey:
Fo / confFs; conf / (Z=p)
conf; conf  0:6 0:1; (1)
with conf a ‘connem enttim e’,deduced from thestudy ofstableand unstable
CRsand theirfragm ents.
AtE = 106-108 G eV the all-particle spectrum ofg.1a bendsin one or
two ‘knees’.Thekneeux istoo sm allto m easuredirectly itsenergy and com -
position,which are inferred from the propertiesofthe CR showerofhadrons,
’s,e’sand ’s,initiated by the CR in the upperatm osphere.The resultsfor
H,He and Fe are shown in g.3. Note thateven the sam e data leadsto in-
com patibleresults,depending on theM onte-Carloprogram used to analizethe
showers. Butthe spectra ofthe variouselem ents seem to have ‘knees’which
scaleroughly with A orZ,the data notbeen good enough to distinguish.
The high-E end of the E 3-weighed CR spectrum is shown in g. 4a.
These data and the m ore recent ones ofHIRES and Auger,clearly show a
cuto, predicted by G reisen, Zatsepin and K uzm in (G ZK ) as the result of
the inevitable interactions of extragalactic CR protons with the m icrowave
background radiation. The reactionsp+ ! n+ + ;p+ 0 cuto the ux at
E > E
G Z K
 A  1011 G eV,from distanceslargerthan tensofM pc. Sim ilarly,
extragalactic nucleiofE > 109 G eV are eciently photo-dissociated in the
cosm icinfrared radiation,thecorrespondingCR ux should notcontain m any.
Atvery high energies,rough m easuresofthe CR A-distribution are ex-
tracted from the‘depth ofshowerm axim um ’,X ,thenum berofgram s/cm 2 of
atm osphere travelled by a CR showerbefore its e / constituency reachesa
m axim um .Ata xed energy,X decreaseswith A,since a nucleusisan easily
broken bag ofnucleons ofenergy  E =A. As in g.4b,the data are often
presented ashln[A](E )i,which approxim ately satisesX (A) X (1)  xln[A],
with x 37 gram s/cm2 the radiation length in air.
IfCRsarechiey G alactic in origin,theiracceleratorsm ustcom pensate
forthe escape ofCRsfrom the G alaxy,to sustain the observed CR ux:itis
known from m eteorite recordsthatthe ux hasbeen steady forthe pastfew












dE dV  1:5 1041 erg s  1 ; (2)




3 M ore than you ever w anted to know about G am m a-R ay B ursts
Two -ray countratesofG RBs,peaking atdN =dt= O (104)s  1,areshown in
g.5.Thetypicalenergyofthe-rayofG BBsis 250keV.Thetotal‘isotropic
equivalent’energy ofa sourceofsuch photonsata typicalredshift,z= O (1),is
E iso  10
53 erg,sim ilarto theavailableenergy in a core-collapseSN explosion,
i.e.halfofthe binding energy ofa solar-m assneutron star,m aybe a bitm ore
fora black-holerem nant.Itishard to im agine a processwith > 1% eciency
for-ray production.SinceG RBsareobserved to be m adeby SNe,eitherthe
parentstarsaream azingly special,orthe -raysarenarrowly beam ed.
Figure3: E 2:5 dF=dE CR spectra in the ‘knee’region.Top:protons;m iddle:
 particles;bottom : iron nuclei. The data ensem ble was kindly provided by
K .H.K am pert. The CB-m odelpredictions are explained in the text. Notice
































































Figure4:Left (a) The E 3-weighed CR ux atthe highestobserved energies.
The data are notthe oldest,northe m ostrecent,butshow the currently ob-
served trend.R ight(b)TheCR m ean oftheNeperian logofA,versusenergy.
In (a)thelinesaretwo extrem eCB-m odelpredictions.Thenorm alizationsbe-
low and abovethe ankle,shown hereto coincide with the data,areseparately
predicted to within a factorof 3.In (b)the linesareasin (a).
The total-duration distribution ofthe -rays ofG RBs has two peaks,
with a trough at 2sdividing (by denition)two distincttypes.‘Long’G RBs
arem orecom m on and betterm easured than shortones;oneism orecondent
discussingm ainly theform er,asIshall.ThelongG RB lightcurvesofg.5are
notatypical. The ‘pulses’ofa given G RB vary in intensity,buthave sim ilar
widths,a fairly universalexponentialrise,and a powerdecay / t  a,a 2.The
num berof‘clearpulses’averagesto  5,itm ay reach  12.Thepulse-to-pulse
delaysare random ,extending from O (1s)to O (102s). Putallthe above in a
random -generatorand,concerning long G RBs,‘you haveseen them all’.
G RBs are notoften seen m ore than once a day,they are baptized with
theirobservation date.G RBs980425and 030329,shown in g.5,originated at
z= 0:0085 (the record sm allest)and 0:168,respectively.How are the redshifts
known? G RBshave\afterglows"(AG s):they areobservablein radiotoX-rays
form onthsaftertheir-ray signalpetersout.The AG ofG RB 030329 in the
‘R-band’(a red-lightinterval)and radio isshown in g.6a-c.O ncethe object
isseen in opticalorradio,itsdirection can be determ ined with m uch greater
precision than via  rays. Very often the source is localized within a galaxy,
whose linescan be m easured to determ ine z (in som e casesa lowerlim iton z
isdeduced from absorption linesin intervening m aterial).
G RB 980425 was‘associated’with a supernova called SN1998bw:within
directionalerrorsand within a tim ing uncertainty of 1 day,they coincided.
The lum inosity ofa 1998bw-likeSN peaksat 15(1+ z)days.The SN light
com petes at that tim e and frequency with the AG ofits G RB,and it is not
Figure5: The-ray count-ratelightcurvesofG RB 980425 (a:left)and G RB
030329(b:right).In theCB m odel,each pulsecorrespondsto onecannonball.
Thesinglepulse in (a)and the two pulsesin (b)aretwith Eq.4.
alwayseasily detectable.I one hasa predictive theory ofAG s,one m ay test
whether G RBs are associated with ‘standard torch’SNe,akin to SN1998bw,
‘transported’to the G RBs’redshifts. The testwasalready conclusive (to us)
in 2001 5). O ne could even foretellthe date in which a G RB’s SN would be
discovered.Forexam ple,G RB 030329wasso ‘very near’atz= 0:168,thatone
could notresistposting such a daring prediction 11) during the rstfew days
ofAG observations.Theprediction and thesubsequentSN signalareshown in
g.6a,b.Thespectrum ofthisSN wasvery wellm easured and seen to coincide
snugly with thatofSN1998bw,and thisiswhy theSN/G RB association ceased
to be doubted:long GRBsare m ade by core-collapse SNe.
Astrophysicistsclassify SNe in Types,m ainly depending on the com po-
sition oftheir ejecta. W ithin very lim ited statistics the SNe associated with
G RBsare ofType Ib/c.These constitute som e 15% ofcore-collapseSNe,the
fascinating ones which beget neutrinos,neutron stars and presum ably black
holes. Type Ia SNe are probably m ere explosions ofaccreting white dwarfs,
butthey arevery lum inous,and ofcosm ologicalstandard-candlefam e.
G RBshavem any ‘typical’properties.Theirspherical-equivalentnum ber
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with b 1, 1, 2:1. Early in the evolution ofa pulse,the ‘peak energy’
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Figure6:Leftto rightand top to bottom .a)and b)TheR-band AG ofG RB
030329. A m icro-Jansky is10  29 erg cm   2 s  1. a)Six daysofdata are used
to predictthenext 100 days,and theSN contribution.b)TheSN isseen.c)
Theradio afterglowsofG RB 030329.d)Thepredicted and observed inter-CB
superlum inalangle in this G RB.(e,f): SN1987A and its two ‘m ystery spot’
CBs12).The m otion ofthe Northern onewassuperlum inal.
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with t O (1s)atE  Ep. Eq.(4)reectsan approxim ate spectro-tem poral
correlation whereby E dN =(dE dt) F [E t2],which wecallthe E t2 ‘law’.
The valuesofE p;ofthe isotropic-equivalentenergy and lum inosity,E
iso

and Lisop ;ofa pulse’srise-tim e trise;orofits‘lag-tim e’tlag (a m easure ofhow
a pulse peaks at a later tim e in a lower energy interval) vary from G RB to
G RB over orders ofm agnitude. But they are strongly correlated,as shown
in Figs.(7a-d). Itispatently obviousthatsuch an organized setofresultsis
carrying a strong and sim ple m essage,which weshalldecipher.
X-rayashes(XRFs)arelower-energykinsfolkofG RBs.Theyaredened
by havingE p< 50keV.Theirpulsesarewiderthan theonesofG RBsand their
overlap is m ore pronounced,since the totaldurations of(m ulti-pulse) XRFs
and G RBsarenotsignicantly dierent.In g.7eIshow thetim eatwhich the
singlepulseofXRF 060218 peaked (m easured from thestartofthecount-rate
rise)asm easured in dierentenergy intervals.Thisisan im pressivevalidation
ofthe E t2 law (the red line),also scream ing fora sim ple explanation.
Analyticalexpressionssum m arizing the behaviourofG RB and XRF af-
terglowsin tim e(from secondstom onths)and frequency(from radiotoX-rays)
do exist(DDD02/03),butthey are som ewhatm ore com plex than Eqs.(3,4).
The typicalAG behaviour is shown in g.7f,as a function offrequency,at
1,10...300 days after burst (the value ofp is  2:2 0:2). This sim ple g-
urereectsa rich behaviourin tim e and frequency.‘Chrom atic bends’(called
‘breaks’in theliterature)arean exam ple.Ata xed tim e,thespectra steepen
from    0:5 to    1:1 atthe dots in the gure. Around a given frequency,
such asthe opticalone m arked by a dotted line,the opticalspectrum m akes
thissam etransition asa function oftim e (att 3d,forthe param etersofthis
exam ple),while the spectralshapeatX-ray frequenciesstaysput.
3.1 TheSwiftera
Physicists,unlikeordinaryyear-countingm ortals,livein ‘eras’.M any arewait-
ingfortheLHC eraorthePlank era,G RB astronom ersarein their‘Swiftera’.
Varioussatellitesarecurrently contributing to a wealth ofnew data on G RBs
and XRFs.Swiftisoneofthem .W ithin 15 secondsafterdetection,its15-150
keV BurstAlertTelescope sendsto ground a 1 to 4 arcm in position estim ate,
foruseby roboticopticalground telescopes.In 20 to 75 s,Swiftslewsto bring
the burstlocation into the eld ofview ofits0.3-10 keV X-ray Telescope and
its170-650 nm UV/O pticalTelescope. W ith nom inalcelerity,Swifthaslled
a gap in G RB data:the very ‘prom pt’X-ray and opticalradiations.
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areforSwift-era G RBsofknown z.e)The peak tim esofthe one-pulse X-ray
ash XRF 060218 atdierentenergy intervals. f) A typicalAG spectrum at
dierentnum berofdaysafterthe burst(1,10,...300).In the gurep=2 1:1.
Swifthasestablished a canonicalbehaviouroftheX-ray and opticalAG s
ofa large fraction ofG RBs. The X-ray uence decreases very fast from a
‘prom pt’m axim um . It subsequently turns into a ‘plateau’. After a tim e of
O (1d),the uence bends (has a ‘break’,in the usualparlance)and steepens
to a power-decline. In g.8a,this is shown for a Swift G RB.This bend is
achrom atic:theUV and opticallightcurvesvary in proportion to it.Although
allthisisconsidered a surprise,itisnot.In g.8b Ishow a pre-SwiftAG and
its interpretation in two m odels. In g.8c one can see that the bend ofthis
G RB wasachrom atic.Even the good old G RB 980425,the rstto be clearly
associated with a SN,sketched a canonicalX-ray lightcurve,seeg.8d.
TheraysofaG RB occurin aseriesofpulses,1and 2in theexam plesof
g.5.Swifthasclearly established thatsom ewhatwiderX-ray arescoincide
with the  pulses,having,within errors,thesam estart-up tim e.O n occasion,
even wideropticalhum psareseen,asin g.9a.The X-ray counterpartofthe
second hum p in this gure is clearly seen in g. 9b. In an XRF the X-ray
arescan be very wide,asin the one-areexam pleofg.10a.In such a case,
the accom panying optical‘hum ps’peak very late,att= O (1d),asin g.10b.
Alltheseinterconnected -pulses,X-ray aresand opticalhum psaredescribed
by Eqs.(3,4). They are obviously m anifestations of a com m on underlying
phenom enon,which weshalldig out.Finally,Swifthasdiscovered thatnotall
X-ray lightcurvesaresm ooth afterthe onsetoftheirfastdecay,asthe onein
g.10a is.W ellafter pulsesare no longerseen,relatively weak X-ray ares
m ay stillbe observable,asisthe casein gs.9c,10d.
4 B reath-taking entities: the astrophysicaljets ofcannonballs
A lookattheweb {oratthesky,ifyouhavethem eans{resultsin therealization
that jets are em itted by m any astrophysicalsystem s. O ne im pressive case
is the quasar Pictor A,shown in gs.(11a,b). Som ehow,its active galactic
nucleus is discontinuously spitting som ething thatdoes notappear to expand
sidewaysbefore itstopsand blowsup,having by then travelled alm ost106 light
years. M any such system s have been observed. They are very relativistic:
the Lorentz factors(LFs)  E =(m c2) oftheir ejecta are typically ofO (10).
Them echanism responsibleforthesem ighty ejections| suspected to bedueto
episodesofviolentaccretion intoaverym assiveblack hole| isnotunderstood.
In ourgalaxy thereare‘m icro-quasars’,whosecentralblack hole’sm assis
afew M  .Thebeststudied isG RS 1915+ 105.In anon-periodicm anner,about
oncea m onth,thisobjectem itstwo oppositely directed cannonballs,travelling
atv  0:92c.W hen thishappens,thecontinuousX-ray em issions| attributed
to an unstable accretion disk| tem porarily decrease.Anotherexam ple isthe

































































































































































Figure8:Rightto leftand top to bottom .a)The canonical0.2-10 keV X-ray
lightcurveofG RB 050315,tto theCB m odel.b)Pre-SW IFT predictionsfor
the2-10 keV X-ray AG in theCB (DDD02)and reball13)m odels,com pared
to dataforG RB 990123.c)Broad band opticaldataon G RB 990123,tin the
CB m odel(DDD03).The‘bend’in (b)and (c)isdueto theCBs’deceleration,
and is achrom atic. d) The X-ray light curve ofG RB 980425 showing a very
pronounced‘canonical’behaviourand whatwecalled (DDD02)along‘plateau’.
Thelast(red)pointpostdatesthe originalgure.
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Figure9:Lefttorightand top tobottom :a)EarlyR-band lightcurvesofG RB
060206. b) Its X-ray light curve. c) The X-ray light curve ofG RB 060904a
with its late ares: the progressively dying pangs ofits accreting engine. d)
Thehardnessratio ofG RB 060904a tracesthe‘prom pt’ICS pulsesofitslight
curve,settling to a constantasSR becom esdom inantin the ‘afterglow’.The
aboveunderstanding ofallthesedata isspecic to the CB m odel.
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Figure 10:Leftto rightand top to bottom :a)The X-ray lightcurve ofXRF
060218. b) Data on XRF 060218/SN2006aj. Upper part: the 0.3-10 keV
SW IFT-XRT lightcurve,with tsby Cam pana etal.14). Lowerpart: UVO
lightcurves.In ourm odel,theX-ray areand opticalhum psarem adeby ICS
by a singleCB.c)Thehardnessratio ofXRF 060218.d)The extensiveX-ray
lightcurveofG RB 061121.The linesin (a,c,d)areCB-m odelts.
EN
Figure 11:Leftto rightand top to bottom . a)and b)X-ray im agesofPictor
A.b) Im age centred at the leftm ost spot in (a) and superim posed on VLA
radio contours. c)Two relativistic CBsem itted in opposite directionsby the
m icroquasarXTE J1550-564,seen in X-rays.d)HST picturefrom 28 O ctober
2002oftheglory,orlightecho,ofapre-supernovaoutburstoftheredsupergiant
V838 M onocerotis,doctored with som eCB-m odelart-work.
itssurface,butitisnotunderstood;forquasarsand -quasars,the ‘cannon’s’
relativistic,general-relativistic,catastrophic,m agneto-hydro-dynam ic details
rem ain to be lled in! Atom ic lines ofm any elem ents have been seen in the
CBs of-quasar SS 433. Thus,at least in this case,the ejecta are m ade of
ordinary m atter,and notofa fanciersubstance,such ase+ e  pairs.
5 T he C annonballM odel: sum m ary
The ‘cannon’ofthe CB m odelis analogous to the ones ofquasars and m i-
croquasars. In an ordinary core-collapse SN event,due to the parent star’s
rotation,an accretion disk isproduced around thenewly-born com pactobject,
eitherbystellarm aterialoriginallyclosetothesurfaceoftheim plodingcore,or
by m oredistantstellarm atterfallingback aftertheshock’spassage 15; 16).A
CB m adeofordinary-m atterplasm a isem itted,asin m icroquasars,when part
ofthe accretion disk falls abruptly onto the com pact object. Long-duration
G RBs and non-solar CRs are produced by these jetted CBs. To agree with
observations,CBsm ustbe launched with LFs,0  10
3,and baryon num bers
N
B
= O (1050),corresponding to  1=2 ofthe m ass ofM ercury,a m iserable





E jets = 2nC B 0 N B m p c
2  1:5 1051 erg; (5)
com parable to the energy ofthe SN’s non-relativistic shell,that is O (1% ) of
the explosion’senergy, 98% ofwhich iscarried away by therm alneutrinos.
W e have seen that long G RBs are indeed m ade by SNe,as advocated
in the CB m odelwellbefore the pair G RB030329/SN2003dh convinced the
m ajority. Butdo SNe em it cannonballs? Until2003 17),there wasonly one
casewith datagood enough totell:SN1987A,thecore-collapseSN in theLM C,
whose neutrino em ission wasseen. Speckle interferom etry data taken 30 and
38 daysaftertheexplosion 12)did show two back-to-back relativisticCBs,see
g.6e,f.Theapproaching onewassuperlum inal:seem ingly m oving atv> c.
A sum m ary ofthe CB m odelisgiven in Fig.12.The ‘inverse’Com pton
scattering (ICS)oflightby electronswithin a CB producesa forward beam of
higher-energy photons:a pulse ofa G RB oran XRF.The targetlightisin a
tem poraryreservoir:theglory,illum inated bytheearlySN lightand illustrated
by analogy in g.11d.A second m echanism ,synchrotron radiation (SR),takes
overlaterand generally dom inatesthe AG .The  raysionize the ISM on the
CB’spath.The CBscollidewith the ISM electronsand nuclei,boosting them
to cosm ic ray status. The ISM penetrating a CB’s plasm a creates turbulent
m agnetic elds within it. The ISM electrons m oving in this eld em it the
m entioned SR.Thisparadigm accountsforallpropertiesofG RBsand CRs.
Theobserved propertiesofaCB’sradiation depend crucially on theangle
Figure 12: The CB m odel of G RBs, XRFs and CRs. A core-collapse SN
resultsin a(black)com pactobject,afast-rotatingtorusofnon-ejected m aterial
and a (yellow)shellofnon-relativisticejecta.M atter(notshown)episodically
accreting into the centralobject produces two narrowly collim ated beam s of
CBs;som e ofthe ‘Northern’CBsaredepicted.Asthe CBsm ovethrough the
gloryofnon-radiallightsurroundingthestar,they forward Com pton up-scatter
itsphotonsto G RB orXRF energies,depending on how closethe lineofsight
istotheCBs’direction.Each CB producesaG RB ‘pulse’.Later,aCB gathers
and scatters ISM particles,which are isotropized by its inner m agnetic eld.
In theSN restsystem theparticlesareboosted by theCB’sm otion:they have
becom e CRs. The synchrotron radiation ofthe gathered electronsisthe late
AG oftheG RB orXRF.AstheCBs’collisionswith theISM slow them down,
the CBsgenerate CRsallalong theirtrajectories,in the galaxy and itshalo.
CRsarealsoforward-produced,diusingthereafterin thelocalm agneticelds.
ofitsm otion relativetothelineofsighttotheobserver,viatheDopplerfactor
= 1=[(1  cos)] 2=(1+ 22) (6)
by which a photon’senergy isboosted from the CB’srestsystem to thatofa
(cosm ologically nearby) observer. For an isotropic em ission in the CB’s sys-
tem ,the observed photon num ber,energy ux and lum inosity are / ;3;4,
respectively,justasin a  beam from  decay.Thatm akesG RBsobservable
only extrem ely close to one oftheir bipolar CB axes,= O (1=) 1 m rad
[typically (t= 0)= 0 0 10
3;and AG sareobserved till(t) 0=2].
The relation between CB travel-tim e in the hostgalaxy,dt? = dx=(c),
and observer’stim e,t,isdt?=dt= =(1+z).Stop in aweatthisgiganticfactor:
a CB whoseAG isobserved for1 day m ay havetravelled forO (106)lightdays,
whata fast-m otion video! A CB with = 1== 10  3 m ovesin the sky atan
apparenttransversevelocity of2000c,yetanotherlargeDoppleraberration.
6 G R B afterglow s in the C B m odel
Historically,two G RB phasesweredistinguished:a prom ptone,and theafter-
glow.Swiftdata havelled thegap,thereisno longera very cleardistinction.
Nor is there a profound dierence between the CB-m odel’s radiation m echa-
nism s,since synchrotron radiation isbutCom pton scattering on virtualpho-
tonsand,in a universewhoseageisnite,allobserved photonswerevirtual.
In theunderstandingofG RBsin theCB m odel,SR-dom inated AG scam e
rst. The CB-m odelAG analysisisstrictly a ‘m odel’: itcontainsm any sim -
plications.Butthe com parison with data determ inesthe distributionsofthe
relevant param eters. G iven these,the predictions for CRs and for the ICS-
dom inated phase ofG RBs(such asallpropertiesofthe -ray pulses)involve
only independentobservations,basicphysicsand no‘m odeling’.Forthereader
who m ight wantto m ove to the m ore decisive sections,Ianticipate the con-
tentsofthisone.Thedistribution of0 and 0 0 valuesofpre-SwiftG RBsare
shown in g.13a,b.The radiusofa CB evolvesasin g.13d.A CB doesnot
expand inertially;form ostofitstrajectory ithasa slowly changing radius,as
a com m on cannonballdoes.Thebaryon num berofobserved CBsisofO (1050).
To determ inethe fate ofa CB,wem akethe following assum ptions.CBs
initially expand atsc= O (c=
p
3),the relativistic speed ofsound,swiftly be-
com ing sphericalin their restsystem and losing m em ory oftheir initialsize.
FortheCB’sbaryon num berreturned by theanalysis,thism eansthatCBsbe-
com e‘collisionless’fast:theirnucleiand electronsdo notoften collidewith the
ISM onesthey encounter.Hadron and Thom pson crosssectionsbeing sim ilar,
CBs also becom e transparent,except to long radio waves,losing their radia-
tion pressure. In agreem entwith rst-principle calculationsofthe relativistic
m ergeroftwo plasm as18),a chaotic m agnetic eld isgenerated within a CB























Figure 13:Rightto left,top to bottom .a)The distribution ofLog10()fora
scoreofpre-SwiftG RBsofknown z.b)Thedistribution of Log10(=10
6)
forthesam eG RBs,alsoextracted from theanalysisoftheirAG s.c)Thedistri-
butionofpeakor‘break’energiesin thespectrum ofm anypre-SwiftG RBs.The
lineistheCB-m odelprediction,based on Eq.(12)and theobserved distribu-
tion.d)ThebehaviourofR(=0)in two extrem es(diusiveorinstantaneous)
forthe way the intercepted ISM ionsreexita CB.The coasting behaviourat
R  Rc and nalblow-up at! 1 areofthe form R  Rc(0=)
2=3.
by the ISM particlesitsweepsin. In accordance with observationsofsim ilar
plasm as (such as the ISM itselfand the CRs it contains) the CB’s m agnetic





n=(10  2 cm   3)
1=2
; (7)
where n isthe ISM baryonic num berdensity,norm alized to a typicalvalue in
the ‘superbubbles’in which m ostSNe and G RBsareborn.
In a CB’srestsystem them otion ofitsconstituentsisan inertialm em ory
ofthe initialradialexpansion,whose kinetic energy is largerthan the one of
the CB’s m agnetic eld. An ISM proton entering a CB willm eander it its
m agnetic eld and be isotropically reem itted (in the CB’s restsystem ). The
rateofradialm om entum lossperunitsurfaceisa surfacepressurecountering
the expansion. W e assum e that the dom inant eect of this pressure is to
counteracttheexpansion.W euseNewton’slaw to com putetheensuing radial
deceleration and theCB’sradiusR().Theresultsareshown in g.13d.A CB
initially expandsquasi-inertially.Itsubsequently settlesinto a slowly evolving
radiustillitblowsup asitsm otion becom esnon-relativistic(DD06),obeying:
R() Rc(0=)
2=3
; withR c = O (10
14cm );fortypicalparam eters: (8)
Thisisa com plex problem ,and oursisa big sim plication,onceassessed by a
cunning refereeas\alm ostbaron M unchhausen".Yet,theresultdescribesthe
surprising ‘jetself-focusing’observed,e.g.,in PictorA,seeg.11a.
Thecollisionswith theISM continuouslydecelerateaCB.ForagivenR(t)
and ISM baryon num ber per unit volum e n,energy-m om entum conservation
dictatestheexplicitform oftheCB’sdim inishingLorentzfactor(t).Typically
(t)isroughlyconstantforadayorsoofobserver’stim e,steepeningto/ t  1=4
thereafter.During the short-ray em ission tim e,(t) 0.
W e assum e that practically allofthe energy ofthe ISM electrons (of
num ber density ne ’ n) entering a CB is reem itted fast in the form ofSR,
so that the corresponding observed frequency-integrated AG power per unit
area isdF=(dtd
)= R 2 nem e c
3 2 4=(4D 2L),with D L the lum inosity dis-
tance.The CB deceleration law,dictated by energy-m om entum conservation,
isequally sim ple: M 0 0 d=   R
2 nm p 
3 dx,foran H-dom inated ISM and
in theextrem e in which the re-em ission tim e ofprotonsislong on the scaleof












where the num ber is for N
B
= 1050,n = 10  2 cm   3,R c = 10
14 cm ,0 = 10
3.
G iven allthis, it appears easy to extract from an AG ’s norm alization and
shapethevaluesof,0 and N B ,ifonetruststheestim ateofR()and usesa
typicaln.Lim ited observationalinform ation m akeslife a bitharder
The spectrum ofg.7fis actually the one predicted by the CB m odel,
illustrated fora typicalchoiceofparam eters.The chrom atic‘bends’shown as
dotsin thisgure,forinstance,are‘injection bends’:thetypicalSR energy,in
theCB’sm agneticeld,oftheelectronsentering it,attim et,with a (relative)
LF = (t).The sm allportion ofthespectrum abovethebend isem itted by
a tiny fraction ofelectrons‘Ferm i-accelerated’in the CB’sturbulentm agnetic
elds to a pre-synchrotron-cooling spectrum E   pe ,with p 2:2. The predic-
tion ts with no exception the AG softhe rstscore ofwellm easured G RBs
(DDD02/03) ofknown z. But only on rare occasions can one clearly see in
an AG the contributions ofthe various CBs seen in the -ray count rate (a
counterexam pleisthe G RB ofgs.5b,6a,b).Thus,generally,the param eters
extracted from AG tsreferto a dom inantCB orto an averageoverCBs.
After an observer’s day or so,the opticaland X-ray AG are typically
SR-dom inated,areabovetheinjection bend,and areoftheapproxim ateform :















a tto the shape ofF(t)one obtains0 and the com bination L ofEq.(9).
At late tim es F / (t)
6:4 / 6:40 with a coecient determ ined by the other
t param eters. The value of0 is extracted from the 6.4 root ofthe inverse
ofEq.(10),so that,for a result within a factor of2,one can tolerate large
errorsin thechosen n orin theestim ateofR 2c.Trusting these,onecan extract
N
B
from L,perhapswith an uncertainty ofoneorderofm agnitude1.Eq.(10)
hasbeen used to t,afterthe early fastfall-o,the X-ray and opticaldata of
gs.8,9,10.Therequired form of(t)isEq.(8),supplem ented by therelation
between CB’sm ileageand observer’stim e,seethe end ofSec.5.
7 A G R B ’s  rays in the C B m odel(D D 06)
A pulseofa G RB ism adeby a CB crossing theparentstar’sglory.Theglory
isa reservoirofnon-radially directed light,fed by theparentstar’slum inosity,
as in the artist’s view ofg.11d. For the best studied G RB-associated SN,
1998bw,and forO (1d)afterthe explosion,the lum inosity wasL
SN
 5 1052
erg/s,in photonsoftypicalenergy E i 1 eV.W eadoptthesevaluesas‘priors’
(param eters to be used in calculations,but independent ofthe CB m odel).
M assive stars destined to ‘go supernova’eject solar-m ass am ounts ofm atter
in successive explosions during their last few thousand pre-SN years. At the
‘close’distances ofO (1016 cm ) relevant here,these stellar coughs generate a
thick layerof‘wind-fed’m aterialwith an approxim ate density prole / r  2
1This is what we did in DDD02/03 but not quite what we wrote. I am
indebted to J.Steinbergerfornoticing thiserror.
and norm alization r2  1016 g cm   1,the lastpriorwe need. The very early
UV ash oftheSN sucesto ionizethewind-fed m atter.TheThom pson cross
section 
T
is such that this m atter is sem itransparent: 
T
r2=m p = 4 10
15
cm .Thism eansthatthe num beroftim esa SN photon reinteractson itsway
out{becom ing ‘non-radial’{ is ofO (1),and that the num ber density ofsuch
photonsisn(r) LSN =(4r
2 cE i). From em ission-tim e to the tim e itisstill











ofobserver’stim e. Thatisa typical-ray pulse rise-tim e in a G RB,and the
reason why,closing the loop,distancesofO (1016 cm )wererelevant.
In the collapseofa rotating star,m aterialfrom ‘polar’directionsshould
fallm ore eciently than from equatorialdirections. The CBswould then be
em itted into relatively em pty space.W eassum ethatthewind-m aterialisalso
under-densein thepolardirections.Thisisnotthecasefortheglory’sphotons,
which have been scattered by the wind’s m atter, and partially isotropised.
During the production of-raysby ICS,’ 0.
Consider an electron,com oving with a CB at = 0,and a photon of
energy E i m oving at an angle i relative to ~r. They Com pton-scatter. The















where Iset 1 and,fora sem itransparentwind,hcosii   1=2. Forpre-
SwiftG RBshzi 1 and,forthetypical and ,E = 250 keV,theaveragepeak
or‘break’energy in Eq.(3).From the tsto the AG softhe subsetofknown
z,wecould determ inethedistribution of values,seeg.13b.Itstted result
isused in Eq.(12)to predictthe overallE p distribution,see g.13c.
The restofthe propertiesofa G RB’spulse can be derived on sim ilarly
trivialgroundsand with hardly m oretoil.During theG RB phasea CB isstill
expanding inertially ata speed s c.Itbecom estransparentwhen itsradiusis
R tr [3T N B =(4)]
1=2,atan observer’stim every closeto thatofEq.(11),for
typicalparam eters. O ne can sim ply countthe num berofICS interactionsof
a CB’selectronswith the glory,m ultiply by theirenergy,Eq.(12),and gure
















 3:2 1053erg; (13)
wherethe num berisforourtypicalparam eters,and agreeswith observation.
7.1 > IsitInverseCom pton Scattering ...
The and  dependancein Eqs.(12,13)ispurely ‘kinem atical’,butspecicto
ICS:itwould bedierentforself-Com pton orsynchrotron radiation.To verify
that the  rays ofa G RB are m ade by ICS,as proposed 19) by Shaviv and
Dar,wem ay look atthe correlations20;21)between G RB observables.
In theCB m odel,the(;;z)dependencesofthepeakisotropiclum inosity
ofa G RB,Lisop ;itspulserise-tim e,trise;and thelag-tim ebetween thepeaksof
a pulseatdierentenergies,tlag;arealso sim ply derived
21) to be:
(1+ z)2 Lisop / 
4
; trise / (1+ z)=(); tlag / (1+ z)
2
=(2 2): (14)
Ihavenotspecied thenum ericalcoecientsin Eqs.(14),which areexplicit,as
in Eqs.(12,13).O fallthe param etersand priorsin these expressions,the one
explicitly varyingby ordersofm agnitudeby sim ply changingtheobserver’san-
gleis(;),m akingittheprim eputativecauseofcase-by-casevariability.For
such a cause,Eqs.(13)and therstof(14)im ply thatE iso / [(1+ z)
2 Lisop ]
3=4.
Thisistested in g.7a.A m ostcelebrated correlation isthe[E p ;E
iso
 ]one,see
Fig.7b. Itevolvesfrom E p / [E
iso
 ]




E p. This is because the angle subtended by a m oving CB from its place of
origin iss=,com parableto thebeam ing aperture,1=,oftheradiation from
a pointon itssurface. Integration overthissurface im pliesthat,for 1=,
/ ,while in the opposite case  variesindependently. The straightlinesin






aretested in gs.7c,d.Thesealofauthenticity ofinverseCom pton scattering
| by a quasi-point-likeelectron beam | isunm istakable in allofthis,Q ED.
7.2 ...on a G lory’slight?
The ‘target’photons subject to ICS by the CB’s electrons have very specic
properties. Their num ber-density,n(r)/ LSN =r
2,translates into the  t  2
late-tim e dependence ofthe num berofphotonsin a pulse since,once a CB is
transparentto radiation,ICS by itselectronssim ply ‘reads’the target-photon
distribution. As a CB exits the wind-fed dom ain,the photons itscattersare
becom ing m ore radial,so that1+ cosi! r
  2 / t  2 in Eq.(12). Fora sem i-
transparentwind m aterial,which wehavestudied in analyticalapproxim ations
and via M ontecarlo,thisasym ptotic behaviourisreached fastand isapproxi-
m ately correctatallt.Thism eansthatthe energiesofthe scattered photons
evolvewith observer’stim e ast  2:the ‘E t2 law’ofEq.(4)and g.7e.
7.3 Thepulse shapeand the spectrum
Thespectrum ofaG RB,Eq.(3),and thetim e-dependenceofitspulses,Eq.(4),
describethedatawell,and areactuallyanalyticalapproxim ationstotheresults
ofICS ofan averageCB on a typicalglory.Thespectrum ofa sem itransparent
glory hasa ‘therm albrem sstrahlung’shape,dn=dE i/ (Ti=E i)
 Exp[  Ei=Ti],
with  1 and Ti  1 eV.The rst term in Eq.(3) is this sam e spectrum ,
boosted byICS asin Eq.(12),byelectronscom ovingwith theCB,E e= m ec
2.
Thesecond term isdueto ICS by ‘knock-on’electrons(generated whiletheCB
isnotyetcollisionless)and electrons‘Ferm i-accelerated’by theCB’sturbulent
m agneticelds.They both havea spectrum dne=dE e/ E
  
e ,with  2 to 2.2.
They are a sm allfraction ofthe CB’s electrons,reected in the param eterb,
which wecannotpredict.Thetem poralshapeofapulsehasan exponentialrise
due to the CB and the windy m aterialbecom ing transparentata tim e  twtr,
see Eq.(11),the width ofpulse (in  rays)isa few twtr,the subsequentdecay
is/ t  2.The tim e-energy correlationsobey the ‘E t2 law’.Allasobserved.
7.4 Polarization
A tell-tale signature ofICS isthe high degree ofpolarization. Fora pointlike
CB theprediction 19)is 22 2=(1+ 44),peakingat100% at= 1=,the
m ostprobable ,corresponding to 90o in the CB’ssystem . Foran expanding
CB, isa littlesm aller.ForSR,which dom inatestheAG satsuciently late
tim es,the expectation is  0. The -ray polarization has been m easured,
with considerable toil,in 4 G RBs. Itisalwayscom patible,within very large
errors,with 100% .The situation isunresolved 22).Ishallnotdiscussit.
8 D etailed Sw ift light curves and hardness ratios
Swift has abundantly lled its goalto provide X-ray,UV and opticaldata
startingbriey afterthedetection ofa G RB:com paretheSwiftresultofg.8a
to the pre-Swift data in g.8b. In the CB-m odeldescription ofthe data in
gs.8,9,10,theabruptly fallingsignalisthetailofoneorseveral-raypulsesor
X-rayares,produced byICS and jointlydescribed byEqs.(3,4).Thefollowing
‘afterglow’,itslesspronounced decayand subsequentachrom atic‘bend’aredue
totheCBs’synchrotronradiation,described byEq.(10).Thankstothequality
ofSW IFT data onecan proceed to testthese CB-m odelpredictionsin detail.
The two prom pt optical‘hum ps’ofG RB 060206 in g.9a are the ICS
low-energy counterpartsofitstwo late X-ray aresofg.9b,sim ultaneoulsly
t by Eqs.(3,4). Swift provides a rough m easure ofa G RB’s spectrum : the
hardness ratio ofcount rates in the [1.5-10]keV and [0.3-1.5]keV intervals.
G iven the case-by-caseparam etersofa CB-m odeltto the [0.3-10]keV light
curve,one can estim ate the corresponding hardness ratio 23). This is done
in gs.9c,d and 10a,c for G RB 060904 and XRF 060218,respectively. This
last XFR is observed at a ‘large’angle,  5 m rad and a correspondingly
sm all0,itssingleX-ray pulseis,in accordancewith Eq.(11),relatively wide.
The opticaland UV counterpartsofthe X-ray pulse are clearly visible asthe
‘hum ps’in the opticaldata ofg.10b. G iven the ‘E t2 law’ofSection 7.3,
thepulsepeak tim esatdierentfrequenciesaresim ply related:tpeak/ E
  1=2.
Theprediction,an exam pleoftheubiquitous1=r2 law of3-D physics,istested
in g.7e.The peak uxesatallfrequenciesare also related asdictated 9) by
Eq.(3).Theadequacy oftheCB m odeloverm any decadesin ux and tim eis
exem plied by the X-ray lightcurveofG RB 061121 in g.10d.
Thepredictionsforthe peak -ray energy ofEq.(12),itsdistribution as
in g.13c,the G RB spectrum ofEq.(3),and the correlationsofgs.7a-d are
clearproofthatICS istheprom ptG RB m echanism .ThetestoftheE t2 law in
g.7ecorroboratesthatthe‘targetlight’becom esincreasinglyradiallydirected
with distance:Inverse Com pton Scattering on a ‘glory’s light’by the electrons
in CBsisresponsibleforthe-raypulsesofa GRB and theirsisterX-rayares
and opticalhum ps. The properties ofthe subsequent synchrotron-dom inated
afterglowsarealso in accordancewith the CB m odel.
9 T he G R B /SN association in the C B m odel
W ehavegathered very considerableevidencethatthe LFsand viewing angles
ofobserved G RBsare 0 = O (10
3)and = O (1)m rad. The fraction ofG RBs
beam ed towards us is  2 = O (10  6). The num ber ofsuch observed G RBs
(with a hypothetical4 coverage)is a few a day. The sam e coverage would
result in the observation of a few m illion core-collapse SN per day, in the
visible Universe. These num bersare com patible with the extrem e conclusion
that all these SNe em it G RBs, but the estim ates and errors are sucient
to accom m odate a one order ofm agnitude sm aller fraction,which would be
com patiblewith m ostTypeIb/cem itting (long)G RBs.
10 Short H ard -ray B ursts (SH B s)
SHBs share with (long) G RBs the properties not reected in their nam e. A
good fraction ofSHBshave‘canonical’X-ray lightcurves.Theorigin ofSHBs
is notwellestablished,in contrastto that ofG RBs and XRFs. Clues to the
origin and production m echanism ofSHBsare provided by theirsim ilarity to
long G RBs.TheX-ray lightcurvesofsom ewell-sam pled SHBsare‘canonical’.
The sim ilarities suggest com m on m echanism s generating the G RB and SHB
radiations. This is expected in the CB m odel,wherein both burst types are
producedbyhighlyrelativistic,narrowlycollim ated,bipolarjetsofCBs,ejected
in stellarprocesses19). The m echanism sfortheirprom ptand AG em issions
(ICS andsynchrotron)coincidewith theonesofG RBs.The‘engine’isdierent;
itisacore-collapsesupernovaforG RBsand XRFs,in SHBsitm ay beam erger
(oftwo neutron starsora neutron star and a black hole),the resultofm ass
accretion episodeson com pactobjectsin closebinaries(e.g.m icroquasars),or
phasetransitionsin increasingly com pactied stars(neutron stars,hyper-stars
orquark stars),induced by accretion,cooling,orangular-m om entum loss.
In theCB m odel,the‘m asterform ulae’describing prom ptand afterglow
em issionsin long G RBsaredirectly applicableto SHBs,provided theparam e-
tersoftheCBs,oftheglory,and ofthecircum burstenvironm ent,arereplaced
by thoseadequateforSHBs.Thisresultsin a good description ofthedata 24).
11 C osm ic R ays in the C B m odel
In the CB m odel,CRs are as sim ple to understand as G RBs. Ifrelativistic
CBsareindeed ejected by a good fraction ofcore-collapseSNe,itisinevitable
to ask whatthey do asthey travelin the ISM .The answeristhatthey m ake
CRswith the observed properties,sim ply by interacting with the constituents
ofthe ISM ,previously ionized by the  raysofthe accom panying G RB.Early
in theirvoyage,CBsactasCom pton relativistic rackets,in boosting a glory’s
photon to -ray status. Analogously,allalong their trajectories,CBs act as
Lorentzrelativisticrackets,in boostingan ISM nucleusorelectrontoCR status.
O nce again,the necessary input is two-fold. O n the one hand,there are the
propertiesofCBs:theaveragenum berofsignicantG RB pulses(orCBs)per
jet (5),the 0 distribution ofg.13a,and the N B  10
50 estim ate. O n the
other hand,there are a few ‘priors’,item s ofinform ation independent ofthe
CR properties: the rate ofcore-collapse SNe,the relative abundances,n
A
(of
the elem entsofatom ic num berA)in the ISM ,and the propertiesofG alactic
m agneticelds.
W e shallsee thatthe CB-m odelpredictionsforthe norm alization ofCR
spectraarecorrecttowithin afactorofO (3),whiletheratiosbetween elem ents
arecorrectwithin errors.In gs.1,3and 4a,thepredictionshavebeen m adeto
adjustthe data,notreecting the com m on overallnorm alization uncertainty.
11.1 Relativistic rackets:Theknees
O ursim plestresultconcernsthe ‘knees’ofthe all-particle spectrum in g.1a
and ofthem ain individualelem entsin g.3.Theessenceoftheirunderstanding
iskinem aticaland trivial. In an elastic interaction ofa CB atrestwith ISM
electronsorionsofLF ,thelightrecoilingparticles(ofm assm  A m p)retain
their incom ing energy. Viewed in the ISM rest system ,they have,for large
,a atspectrum extending up to E ’ 22 m c2 [this is recognizable as the
forward,m assive-particle,z= 0,analog ofEq.(12)]. Thus,a m oving CB is
a gorgeousLorentz-boostaccelerator: the particlesitelastically scattersreach
up to,for  = 0 = (1to1:5) 10
3,an A-dependent knee energy E knee(A)
(2to4) 1015 A eV:Ifthistrivialprocessisthe m ain acceleratorofCRs,there
m ust be a feature in the CR spectra: endpoints at E knee(A). The arrowsin
g.3 show that the H and He data are com patible with this prediction. So
doesthe second knee ofg.1a,the predicted Fe knee.The CR ux abovethe
H knee,to which weshallreturn,is 10  15 ofthe total.
11.2 The spectra below the knee
The‘elastic’scatteringwejustdescribed isdom inantbelow theknees.Tocom -
putetheresultingspectrum ,weassum ethattheISM particlesaCB intercepts,
trapped in itsm agnetic m esh,reexititby diusion,isotropically in the CB’s
system ,and with the sam e ‘connem ent’law,Eq.(1),asin the G alaxy (the
opposite assum ption,thatthey are im m ediately elastically scattered,yieldsa
slightly dierentspectralindex).TheCB deceleration law isEq.(9),itsradius
evolvesasin Eq.(8).A m odestam ountofalgebragivesasim pleresult(DD06),
























is the CR’s LF,and conf is the sam e connem ent index as in
Eq.(1). The ux dFelast=dC R depends on the priors nA ,conf,and 0,but
noton any param eterspecic to the m echanism ofCR acceleration. Butfor
thenorm alization,thisux isA-independent.In thelargerangein which itis
roughly a powerlaw,dFelast=dC R / [C R ]
  
C R ,with 
C R
= 13=6 2:17.
The H,He and Fe uxesofg.3 are given by Eq.(15),m odied by the
G alactic connem ent -dependence ofEq.(1),with conf= 0:6. The fastest-
droppingcurvein g.3acorrespondstoaxed 0.Theothertwocurvesarefor
the 0 distribution ofg.13a,and one twice aswide. The low-energy data of
g.1b arealsodescribed by Eq.(15),whoseshapein thisregion (the‘hip’,also
visiblein g.3cforFe)isinsensitiveto 0 and,thus,param eter-independent.
11.3 The relativeabundances
It is custom ary to discuss the com position ofCRs at a xed energy E
A
= 1
TeV.Thisenergy isrelativistic,below the corresponding kneesforallA,and
in thedom ain wherein theuxesaredom inantly elasticand wellapproxim ated
2I am keeping factors ofA=Z for kicks. Num erically,they are irrelevant:
the theory and data arenotso precise,and (A=Z)0:6 is1 forH,1.6 forFe.
by a powerlaw ofindex th = elast+ conf’ 2:77.Expressed in term sofenergy
(E
A
/ A ),and m odied by connem entasin Eq.(1),Eq.(15)becom es:


















’sin the‘superbubbles’wherein m ost
SNeoccur,areshown in Fig.2b.In theseregions,theabundancesarea factor
 3m ore‘m etallic’than solar(a‘m etal’isanythingwith Z > 2).Eq.(16)snugly
reproduces the large enhancem ents ofthe heavy-CR relative abundances,in
com parison with solar or superbubble abundances (e.g.A 1:77 = 1242 for Fe).
Theessenceofthisresultisdeceptivelysim ple:in thekinem aticsofthecollision
ofa heavy object(a CB)and a lightone (the ISM nucleus),theirm assratio
(N
B
=A  1 !) isirrelevant.
11.4 Abovethe knees
W e discussed around Eq.(7) the generation ofturbulently-m oving m agnetic
elds(M Fs)in the m ergeroftwo plasm as.Charged particlesinteracting with
these elds tend to gain energy: a relativistic-injection,‘Ferm i’acceleration
process,forwhich num ericalanalyses18)resultin a spectrum dN =dE / E   2:2,
p  2:2. For the ISM /CB m erger,we (DD04) approxim ate the spectrum of














The rst function reectsthe factthatitism uch m ore likely forthe light
particlesto gain than to lose energy in their elastic collisionswith the heavy
‘particles’(the CB’s turbulent M F dom ains). The second  is the Larm or
cuto im plied by the nite radius and M F ofa CB,with a num ericalvalue
given forthetypicaladopted param eters.Butforthesm alldependenceofm ax
on thenuclearidentity (thefactorZ=A),thespectrum ofEq.(17)isuniversal.
Boosted by theCB’sm otion,an accelerated and re-em itted particlem ay reach
a Larm or-lim ited 
C R
[m ax]= 2m ax,a bitlarger,for= 0 1:5 10
3,than
the corresponding G ZK cutos. O ur m odelhasa single source,CBs,for the
acceleration ofCRsfrom the lowestto the largestobserved energies.
Thecalculation ofthe‘elastic’spectrum ofEq.(15)wasdoneforthebulk
ofthe ISM particlesentering a CB,assum ing thatthey were notsignicantly





The‘inelastic’spectrum ,with dN =d
A
asin Eq.(15),yieldsan equally sim ple
result.Thetwo E 2-weighed spectra areshown (forH)in g.14.Theinelastic
contribution isa tiny fraction ofthe total,and isnegligible below the knee,a
pointatwhich wem ay com paretheratioofuxes,f,theonly param eterfreely



























Figure14:Contributionsto theE 2-weighed proton sourcespectrum .
tto theCR data.TheboostofISM particlesby a CB and theiracceleration
within itarem ass-independent,so thatthe ratio f isuniversal.
TheE 3-weighedsourcespectraforthem ain elem entsareshownin g.15a.
They arevery dierentfrom theobserved spectra ofg.15b,form any reasons.
Below the ankle(s)the slopesdierdue to G alactic connem ent,see Eq.(1).
Above the ankles the ux from G alactic sources is strongly suppressed: we
would see their straight-m oving CRs only for CB jets pointing to us. The
CRsabovetheanklearem ainly extragalacticin origin,and they also crossthe
G alaxy justonce.ExtragalacticCRsofA > 1 are eciently photo-dissociated
by the cosm ic infrared light. Extragalactic CRsare G ZK -cuto. Allthiscan
be m odeled with patience and fair condence. Below the ankle extragalactic
CRsm ay have to ghtthe CR ‘wind’ofourG alaxy,analogousto thatofthe
Sun.W ehavecovered ourlack ofinform ation on thissubjectby choosing two
extrem epossibilities(DD06),resulting in the two curvesofgs.1a and 4a,b.
In g.4b I have converted the results ofg.15b into a prediction for
hLnA(E )i. The ux at the second knee is dom inated by G alactic Fe at its
knee. Thereafterthisux decreasesabruptly to letextragalactic H dom inate
alltheway from theankleto thenom inalposition oftheproton’sG ZK cuto.
Abovethatpointthe high-energy tailofG alacticFe m ay dom inate again.
11.5 The CR lum inosity,and the overallnorm alization ofthe CR ux
Therateofcore-collapseSNein ourG alaxy isR
SN
 2 percentury.In the CB
m odel,we contend that 50% ofthe energy ofCRsistransfered to the m ag-
netic eldsthey generate 25). Ifallcore-collapse SNe em itCBs,the G alactic




E jets=2 4:7 10
41 erg s  1,with E jets as
in Eq.(5).Thisis3 tim eslargerthan the rhsofEq.(2).The ‘discrepancy’is
Figure 15: Predicted spectra for the abundant elem ents and groups. The
verticalscalesareE 3 dF=dE .(a):Thesourcespectra,with acom m onarbitrary
norm alization. (b): The norm alized CR spectra atthe location ofthe Earth.
Noticethatthe horizontaland verticalscalesaredierentin (a)and (b).
notworrisom e.A sm allerfraction ofSNe m ay generatehigh-0 CBs.The rhs
ofEq.(2)isfor‘standard’CRs,butthe connem entvolum e and tim e ofthe
CB m odelarenon-standard by factorsof 10.Allinputsarefairly uncertain.
Thecalculation oftheux abovetheankleislengthy butstraightforward.
Butforthe G ZK eect,itsshapeisthatofthesourceH ux,sinceprotonsat
thatenergy should escape othergalaxiesdirectly,and enteroursunhindered.
Itsnorm alization perSN isxed.TheSN rateperunitvolum eism easured in
thelocalUniverse.Theoverallux istheresultoftheintegration overredshift
ofthe ux from past SNe. The integrand m ust be properly red-shifted and
weighed with the star-form ation rate asa function ofz (SN progenitorshave
shortliveson Hubble-tim e scales).The integration in z isan integration over
look-back tim e,asopposed to distance,since CRsdo nottravelstraight.The
errorin theresultishard to estim ate,itscentralvalueiswithin a factorof2 of
the observations(DD06). Thisexplainsthe coincidence thatthe ankle isthe
escapeenergyofprotonsfrom theG alaxyandtheplacewheretheextragalactic
ux {notenhanced by connem entand thuslesssteep{ beginsto dom inate.
11.6 CR diusion,CR electrons,and the  background radiation
In the standard paradigm CRsare accelerated by the nonrelativistic ejecta of
SNe.SNe occurm ainly in thecentralrealm softhe G alaxy,so thatCRsm ust
diuseto arriveto ourlocation.A directionalasym m etry ispredicted,and not
observed 26).ForCR electronstheproblem iseven m oresevere:theircooling
tim e in the G alaxy’s light,and m agnetic elds,is so short that they should
havelostalltheirenergy on theirway here.
O ur source distribution is totally non-standard,CBs generate CRs all
along theirm any-kpc-long trajectories,seeEq.(9)and g.12c.Depending on
the ISM density prole they encounter,CBsm ay travelforup to tensofkpc
beforethey becom enonrelativistic.Ittakessom e6 104 yearsto travel20 kpc
atv c. Ifa G alactic SN occursevery 50 years,and em its an average of10
CBs,therearecurrently severalthousand CBsin theG alaxy and itshalo.This
isa very diuseCR source,satisfactory in view ofthepreviousparagraph.W e
havenotyetstudied the CR source-distribution and diusion in detail.
Below their knee at 220 m e c
2  2:3 TeV,the source spectrum ofCB-





 2:17. The predicted spectrum 27),steepened by radiative energy loses,
has an index e = C R + 1 3:17. Its observed slope
28) is 3:2  0:1 above
E e 10 G eV,an energy below which otherlossesshould dom inate(DD06).
The G am m a Background Radiation (G BR),m easured by EG RET from
a few M eV to  105 M eV,wasargued to bedom inantly ofcosm ologicalorigin,
in directions above the disk ofthe G alaxy and away from its bulge 29). A
m ore carefulanalysisrevealsa signicantcorrelation ofitsintensity with our
position relative to the G alactic centre 27). The CB-m odelreproduces this
correlation,provided a good fraction oftheG BR isgenerated by CR electrons
athigh galacticlatitudes,asthey coolradiativelyby theverysam eprocessthat
steepenstheirspectrum .The predicted index ofthe radiated G BR photonsis
 = (e  1)=2= 2:08.The observed one
29)is2:10 0:03.
12 IfC B s are so pervasive,w hy are they not readily observed?
The answer is sim ple. The CBs ofSNe are tiny astrophysicalobjects: their
typicalm assishalfofthem assofM ercury.Theirenergy ux atallfrequencies
is/ 3,largeonly when theirLorentzfactorsarelarge.Butthen,theradiation
isalsoextraordinarily collim ated,itcan only beseen nearly on-axis.Typically,
observed SNe aretoo farto photograph theirCBswith sucientresolution.
O nly in two SN explosions that took place close enough,the CBs were
in practice observable. O ne case was SN1987A,located in the LM C,whose
approachingand receding CBswerephotographed,seeg.6e,f.Theothercase
wasSN2003dh,associated with G RB030329,atz = 0:1685.In the CB m odel
interpretation,its two approaching CBswere rst‘seen’,and t,as the two-
peak -ray light curve ofg. 5b and the two-shoulder AG ofg.6a,b. This
allowed usto estim ate the tim e-varying angle oftheirsuperlum inalm otion in
the sky 17). Two sources or ‘com ponents’were indeed clearly seen in radio
observations at a certain date,coincident with an opticalAG rebrightening.
W e claim thatthe data agree with ourexpectations3,including the predicted
inter-CB separation 17)ofg.6d.Theobserversclaim ed thecontrary,though
the evidence for the weaker ‘second com ponent’is > 20. They report 30)
thatthiscom ponentis‘notexpected in thestandard m odel’.Theunpublished
and no-doubtspectacular-discovery picture ofthe two superlum inally m oving
sourceswould havebeen worth athousand words...in supportoftheCB m odel.
13 O ther C R sources
W e have defended the sim plistic view that CBs from SNe is allone needs to
generate CRs at allenergies. The recent data ofAuger 31) show a signi-
cantcorrelation between thearrivaldirectionsofultra-high energy CRs(UHE-
CRs)and Active G alacticNuclei(AG Ns)located within a distanceof75 M pc
3The size ofa CB issm allenough to expectits radio im age to scintillate,
arguably m ore than observed 30). Adm ittedly,we only realized a posteriori
that the ISM electrons a CB scatters,synchrotron-radiating in the am bient
m agnetic eld,would signicantly contribute at radio frequencies,som ewhat
blurring the CBs’radio im age17).
(z 0:02),com parable to the G ZK ‘horizon’atthe observed energies,E > 56
EeV.As the authors discuss,this does not m ean that AG Ns are the actual
sources32),forAG Nsare them selvescorrelated with m atterand with active
regionsofenhanced stellarbirth and death. M ore work on correlationsis no
doubtin progress.A search forcorrelationswith G RBsislesshopeful,forthe
fraction ofthem observed from within z 0:02 isnegligible,and the observed
‘correlated’CRsm ay have been bentby m agnetic elds up to a few degrees,
im plying a possibledelay ofm illenia between thearrivaltim esof’sand CRs.
O bservations ofAG Ns are an ingredient ofthe ‘inspiration’ofthe CB
m odel,aswe have discussed in connection with PictorA,see g.11a,b. Nat-
urally,we have estim ated theircontribution to the UHECR proton ux,con-
cluding that they m ay constitute at m ost 1 to 10% ofthe ux generated by
extragalactic SNe (DD04). The estim ate is for the energy-integrated ux;in
applying itto UHECRswe assum ed the sam e energy dependence forthe ux
generated {by the sam e m echanism s{ by the CBsofSNe and AG Ns(a sm all
dierenceofspectralindex im pliesan enorm ousuncertainty).In a subsequent
study 33) ofthe CR electron ux,assum ed to be in a xed proportion to the
proton ux,weused m orerecentinputs,and sim plied and m odied ourupper
lim itto 40% .Butweforgot4 to extracttheputativeconsequencesfortheAG N
contribution to UHECR protons!
14 D iscussion and conclusion
W edo nothavea solid understanding ofaccretion onto black holesorneutron
stars. Butsuch processesare observed to resultin the ejection ofrelativistic
and highly collim ated jets.W eassum ed thata sim ilarprocesstakesplaceasa
stellarcore collapses,leading to a supernova event. W e posited thatthe SN’s
relativisticejecta {two jetsofcannonballs{ arethe sourcesofG RBsand CRs.
Theassociation between SNe and (long)G RBsisnow established.W e argued
thatthe electronsin a CB,by inverse Com pton scattering on the illum inated
surroundingsoftheexplodingstar,generatetherays,X-rays,UV and optical
lightofthe‘prom pt’phaseofa G RB.Theensuing resultsarethesim plestand
m ostpredictive,they arearm ‘theory’.In thispaperIhave,however,followed
the historicaldevelopm ent,in which the CB param eters were rst extracted
from the observationsofthe afterglow ofG RBs.Thisinvolvesa ‘m odel’,a set
ofarguable but sim ple hypothesis leading to the prediction ofthe properties
ofthe AG {dom inated by synchrotron radiation by the ISM electronsthat a
CB intercepts{ as a function offrequency and tim e. In the historicalorder
4In thesedaysoflargeexperim entalcollaborationspercolated by theorists,
rum oursherald publications.Itm ighthavebeen possibleto turn thiscom m ent
into a renewed 32)tim ely ‘prediction’,priorto the Augerannouncem ent.
the ‘prom pt’resultsforG RBsare predictionsofthe theory. Som e resultsfor
Cosm ic Rays {the ISM particles that CBs scatter in their journey{ are also
‘theory’,otherscan be viewed asfurthertestsofthe ‘m odel’.
TheresultsforG RB afterglowsm ay bebased on a sim plied m odel,but
they work with no exception alltheway from radio to X-rays(DDD02,03).In
particular,they describecorrectlyG RB 980425,located ataredshifttwoorders
ofm agnitudecloserthan average.Itsassociated SN istheonewe‘transported’
to conclude{thanksto thereliability ofourAG m odel{ thatcore-collapseSNe
generatelongG RBs(DDD02).TheX-raylightcurveofG RB 980425and afew
others,with extrem ely scarcedata,wasdescribed with the‘canonical’proper-
ties later observed in detailin m any SW IFT-era G RBs. It is not recognized
thatthetwo CBsofG RB 030329wereseen,orthattheirseparation in thesky
wasthepredicted ‘hyper-lum inal’one.In view oftheoverallsuccessoftheCB
m odel,thisisa durablehurdle:G RBsso closeand lum inousarevery rare.
The accuracy ofthe predictions for the prom pt phase ofG RBs am azes
even the CB-m odel’sproponents. The typicalvaluesand the correlationsbe-
tweenthe-rayprom ptobservablesleavelittledoubtthattheproduction m ech-
anism isinverseCom pton scattering on ‘am bient’lightof 1 eV energy.The
approxim atescalinglaw E dN =dE dt/ F (E t
2){spectacularlyconrm ed in the
caseofXRF 060218{ dem onstratesthatthelightisthatofa ‘glory’:theearly
SN lightscattered by the ‘windy’pre-SN ejecta.A G RB spectrum thatworks
even better34)than thephenom enological‘Band’expression isalso predicted.
Theux and itsspectralevolution during theprom ptand rapid-declinephases
arethe expected ones,aswetested in m inute detailwith SW IFT data.
In the internal-externalreballm odelofG RBs,highly relativistic thin
conicalshells ofe+ e  pairs,sprinkled with a nely tuned baryon ‘load’,col-
lidewith each othergenerating a shock thatacceleratestheirconstituentsand
createsm agnetic elds. Each collision oftwo shellsproducesa G RB pulse by
synchrotron radiation.Theensem bleofshellscollideswith theISM to produce
the AG by the sam e m echanism . The energy available to produce the G RB
pulse {as two shells m oving in the sam e direction collide{ is m ore than one
orderofm agnitudesm allerthan thatofthem erged shellsasthey collidewith
theISM atrest.Theratio ofobserved G RB and AG energiesism orethan one
orderofm agnitude,but in the opposite direction. This ‘energy crisis’in the
com parison ofbolom etric prom pt and AG uences 4) is not resolved. M ore-
over,the G RB spectrum cannotbe accom m odated on groundsofsynchrotron
radiation 35),the‘standard’prom ptm echanism .TheSW IFT-eraobservations
alsoposedecisiveproblem sto thestandard m odel,whosem icrophysics36),re-
liance on shocks37) and correlationsbased on the jet-opening angle 38) have
to be abandoned,according to the cited authors.
In spiteofthe above,thedefendersofthe reballm odelarenotdiscour-
aged.TheirattitudetowardstheCB m odel,whoseobservationalsupportisso
rem arkable,isnotequally supportive.Thism ay bedueto culturaldierences.
Particlephysicistsbelievethatcom plex phenom ena m ay haveparticularly sim -
ple explanations. They thrive on challenging theirstandard views. Doubting
orabandoning a previousconsensusin astrophysicsislesseasy.
TheCB-m odeldescription ofCosm icRaysisalsosim plistic:thereisonly
one source of(non-solar) CRs at allenergies,and only one param eter to be
t.The m odelhasa certain inevitability:ifCBswith the propertiesdeduced
from G RB physicsare a reality,whatdo they do asthey scatterthe particles
oftheinterstellarm edium ? W e haveargued thatthey transm ogrify them into
CRswith alloftheirobserved properties.Them echanism isentirely analogous
to the ICS responsible fora G RB’sprom ptradiation. Suce itto substitute
theCB’selectron,plusthe am bientphoton,by a m oving-CB’sinnerm agnetic
eld,plusan am bientnucleusorelectron.
AfteracenturyofCR m easurem ents,theCB-m odelresultslacktheglam -
our ofpredictions. Yet,the expectations for the knee energies,and for the
relativeabundancesofCRs,are‘kinem atical’,sim ple,and veried.They con-
stituteevidence,in m y opinion,thattheunderlying m odelisbasically correct.
The prediction for the shape ofthe spectra: the low energy hips,the large
energy stretch very welldescribed by a power-law of(source)index s= 13=6,
and the steepening atthe knees,are also veried. The index s is m easured
wellenough fortheadequacy ofthe prediction to besensitiveto the detailsof
theunderlying m odel,such asthe form ofthefunction R()in Eq.(8).Ican-
notclaim thatthe factthatthe prediction isrighton the m ark ism uch m ore
than a consistency test,forthe physicsunderlying thisaspectofthe problem
m ay be terrifyingly com plex. The sam e CR source {cannonballsfrom super-
novae,thistim e extragalactic{ satisfactorily describesthe CR data above the
ankle.Finally,thepropertiesofCR electrons,and ofthehigh-latitudeG am m a
‘Background’Radiation,arealso correctly reproduced.
M ostCR scholarsagree with the ‘standard’paradigm thatthe ux well
below thekneeisproduced by theacceleration oftheISM in thefrontalshocks
ofthe nonrelativistic ejecta ofSNe. In spite ofrecent observations oflarge
m agneticelds39)in collisionsofSN shellsand m olecularclouds,nobody has
been ableto argueconvincingly thatthisprocesscan accelerateparticlesup to
the (m odest)energy ofthe knee,and to show thatthe num berand eciency
oftheputativesourcessucesto generatetheobserved CR lum inosity (to m y
satisfaction,Iadd,tom akethesestatem entsindisputable).From thispointon,
thereisno‘standard’consensuson theorigin ofCRs,e.g.,ofthehighest-energy
ones.In thissense,theCB m odelisregarded asyetanotherm odel,which itis.
Afterall,weareonly saying thatCRsareaccelerated by thejetted relativistic
ejecta ofSNe,as opposed to the quasi-spherical,non-relativistic ones. Yet,
the CB m odelisalso rejected by the CR experts,som etim eseven in print1),
though itsurvivesthe critique 40). But,concerning CRs,the m odeldoesnot
triggerthe sam eindignantwrath asin the G RB realm .
Ihaveshown thattheproblem ofG RBsisconvincingly {i.e.predictively{
solved and that,on the sam e sim ple basis,allpropertiesofCRscan be easily
derived. O nly an overwhelm ed m inority recognizes these facts,in contradic-
tion with Popper’sand O ckham ’steachings. Iwould conclude with a dictum
attributed to Lev Landau:‘In astrophysics,theoriesneverdie,only people do.’
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